Pyruvate, Pi dikinase (PPDK) is a key enzyme in the C4 photosynthetic pathway. However, its metabolic role in C3 plants remains uncertain. Northern blot analyses of PPDK mRNAs from wheat leaves and seeds probed with maize PPDK cDNA indicates the presence of organ-specific mRNAs. Immunofluorescent labeling of protein in wheat seed demonstrate that the PPDK polypeptide and the ribulose-1, 5-bisphosphate carboxylase small subunit polypeptide are localized predominantly in the aleurone layer and the chlorophyllous pericarp tissue, respectively. This differential distribution ofthe two polypeptides in wheat seed is paralleled by the differential localization of the their mRNAs as revealed by in situ hybridization. These results suggest a distinct role of cytoplasmic PPDK in seeds, which is different from the well established role in C4 photosynthesis.
In leaves, PPDK enzyme activity is regulated by a regulatory protein factor in the light (7) . In seeds, however, it is not light regulated (18) . In order to elucidate the role of PPDK in developing wheat seeds, we have reexamined its localization by both in situ immunofluorescent labeling of the PPDK polypeptide and in situ mRNA hybridization. This was necessary because previous reports on the presence of PPDK in pericarp tissue have Pyruvate, Pi dikinase (PPDK: EC 2.7.9.1)2 is an important enzyme in the photosynthetic C4 carbon transport pathway. It catalyzes the reaction of pyruvate + Pi to form PEP, the substrate of PEPC (EC.4. 1.1.31). For a long time, it was believed that C3 plants lacked this enzyme. Later the presence of PPDK was reported in immature C3 seeds (9, 18) , and C3 leaves (2, 15) even though its amount was much lower than that found in maize leaf.
In both wheat and maize seeds, the PPDK subunit is synthesized on cytoplasmic ribosomes as a 94 kD polypeptide (3) . On the other hand, in maize leaves (3, 1 1) and in wheat leaves (3) it is synthesized as a 1 10 kD precursor containing a 16 kD transit sequence. The precursor is imported into chloroplasts and processed to give the 94 kD polypeptide (5) .
Recently the expression of specific PPDK mRNAs in different maize organs was reported by Hudspeth et al. (13) Northern Blot. Total RNA and poly(A) RNA were extracted according to the method previously described (3). RNAs from leaves and seeds were fractionated on 1.5% agarose gel containing formaldehyde (1 1), blotted to nitrocellulose paper, and hybridized to nick-translated PPDK cDNA in a solution containing 5 x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 50% formamide, 1 x Denhardt's solution, 0.05% Na4P207, 100 ,ug/ml denatured salmon sperm DNA, 10% (w/v) dextran sulfate at 42°C for 24 h. The blot was washed three times at room temperature in 2 x SSC, 0.1% SDS, and 0.05% Na4P207 for 20 min each, then washed at 50°C in 0.5 x SSC, 0.1% SDS for 30 min. After drying in air the blot was exposed to Kodak X-AR film with an intensifying screen at -80°C for autoradiography.
Immunohistochemistry. Antibody to PPDK was prepared as described previously (2) . Antibody to the small subunit of RU-BISCO (rbcS was a gift of Dr. Y. Sasaki of Kyoto University). Antibodies were characterized by protein blot for their monospecificity and their titers were determined by serial dilutions.
Frozen wheat seeds were taken out from the -80°C freezer and equilibrated to the temperature (-20°C) ofthe cryostat (IEC; model Minotome) prior to sectioning. Wheat seeds were quickly frozen in O.C.T. compound (Tissue Tec) at -23°C. Cross sections of wheat seeds, 14 gm in thickness, were attached to glass slides coated with poly-L-lysine to prevent loss of tissues during treatment. The sections were dried on a slide warmer for 1 h, then treated with 70% ethanol for 30 min (12) . The sections were rinsed in PBS (pH 7.0) three times before incubation with antibodies diluted to 1:1000 with PBS (pH 7.0) at room temperature for 5 h to overnight. After incubation, the sections were washed in PBS three times for 5 min each and then incubated with fluorescein isothiocyanate-labeled goat anti-rabbit IgG (Miles Scientific) diluted 1:50 with PBS for 1 h at room temperature. The sections were washed thoroughly in PBS, before observing under a fluorescence microscope.
Photographs were taken within the same day using a Nikon OPTIPHOT microscope and camera equipped with fluorescence filters. Control sections were treated with nonimmunized rabbit serum, but otherwise they were treated in the same manner. Slides were coated with Kodak NTB2 emulsion at 45°C and allowed to dry slowly. After drying, they were placed in dark boxes with dessicant for exposure at 4°C for various time periods. The slides were developed using D19 developer at 15C for 2.5 min, rinsed in water briefly and placed in fixer for 10 min. After fixing, the slides were then rinsed in water for 30 min with frequent changes of water. Some slides were stained with toluidine blue and mounted with coverslips.
RESULTS

Immunofluorescent Labeling of PPDK and rbcS within Wheat
Seed. When wheat seeds were probed with antibody to the rbcS polypeptide the area containing chlorophyll in the pericarp showed intense fluorescence (Fig. la) . When probed with antibody to PPDK, the aleurone layer showed strong fluorescence with some weak fluorescence in the pericarp (Fig. lb) The silver grains which indicate the hybridization are most dense in the chlorophyllous pericarp (Fig. 2) for rbcS mRNA (Fig. 3a) and in the aleurone layer for PPDK mRNA (Fig. 3b) . The signal is specific, because no signal was obtained when nicktranslated pBR322 was used as a probe (Fig. 3c) . This is the first report to localize PPDK and rbcS mRNAs by in situ hybridization in wheat seed.
Organ-Specific Expression of PPDK mRNA in Wheat. The maize PPDK cDNA probe hybridizes with mRNAs of the size 3.4 kb from both maize and wheat leaves (Fig. 4) . In contrast, it hybridizes to mRNA of 3.0 kb from maize and wheat seeds, similar to the value reported for maize root (13) . The presence of organ-specific mRNA is consistent with results obtained by in vitro translation of mRNAs followed by immunoprecipitation with PPDK antibody (3). The clear hybridization suggests that PPDK structure is highly conserved between wheat (C3) and maize (C4). In wheat leaf and seed there is an additional 1.7 kb band (Fig. 4, lanes 1 and 2) . This mRNA is abundant in wheat leaf and seed grown in the dark or light (data not shown), but in maize leaf and seed this mRNA band of similar size is only visible after prolonged exposure.
DISCUSSION
Localization of PPDK and rbcS in Wheat Seed. The study of gene expression of tissue-specific and developmentally regulated enzymes in plants has been done with plant homogenates using biochemical assays, protein, DNA or RNA blot analyses in the past. The precise localization of PPDK in dissected seed at 25 d after flowering is very difficult, since peeling the pericarp without contamination of the aleurone layer becomes harder as the seed reaches maturity (Fig. 2) . We have studied gene expression using both in situ immunofluorescent labeling and in situ mRNA hybridization in plant tissue sections. Cellular specificity was verified by conducting in situ hybridization in conjunction with immunohistochemistry with rbcS, which was expected to be confined to chlorophyllous pericarp tissue (4, 9, 21) . In the present report, PPDK polypeptide and mRNA are found predominantly in the aleurone layer with some in the pericarp.
Organ-Specifi'c PPDK mRNA. In wheat, there are organspecific mRNAs as in maize. The largest mRNA is about 3.4 kb found in leaf and 3.0 kb found in seed. The difference in size of 400 bases corresponds to the size of RNA required to encode 16 kD transit polypeptide which is needed for chloroplastic PPDK polypeptide to enter into chloroplast after being synthesized in the cytoplasm (5) . The third mRNA band of 1.7 kb is too small to encode PPDK which is reported to be a tetramer with subunits of approximately 94 to 97 kD (20) . The 1.7 kb mRNA is not unique to wheat leaf as shown here and by Hudspeth et al. (13) ; who observed a similar size RNA in etiolated maize leafand root RNAs. The intensity of 1.7 kb band is similar in dark grown and light grown wheat leaf, whereas the 3.4 kb mRNA level is light regulated (13) . Since the same mRNA preparation gave single bands on Northern blot when hybridized with other DNA probes (14) , the 1.7 kb band is not due to a general degradation of mRNA. Therefore the 1.7 kb mRNA may be transcribed from a different member of the gene family. Alternatively, it could be a product of differential transcription from the same gene using different starting sites or a result of post-transcriptional processing of the 3.4 kb mRNA. We are investigating these points further.
The metabolic role ofPPDK in wheat seed may be in providing PEP for PEPC. At the late stage of wheat seed development rbcS declines in quantity (4, 18) and there is almost 100 times more PEPC activity than rbcS activity (9) . Since there are only a few stomata in wheat pericarp, the entry of atmospheric CO2 into the chlorophyllous tissue is restricted by the cuticle (Fig. 2) (16) . PEPC may therefore refix respired CO2 to prevent carbon loss. There are high levels of aspartate amino transferase, glutamateoxaloacetate transaminase (21), ADP-malate dehydrogenase glutamine synthetase (9) in pericarp tissue, but NADP-malic enzyme activity is low (21) .
C4 acids formed therefore may not be decarboxylated to pyruvate and CO2 which is refixed by rbcS as in the case of the C4 photosynthetic pathway. Instead, they may be used to contribute to the synthesis of seed storage protein as previously suggested (4) . ATP needed for the PPDK reaction can be supplied by adjoining mitochondria in the aleurone layer (19) , independent of the photosynthetic ATP synthesis. This is also consistent with the report that extractable wheat seed PPDK activity was unchanged when the seeds developed without exposure to light (18) . Our results on PPDK localization in nonphotosynthetic tissue indicate a distinct role of PPDK different from that in C4 leaf chloroplast.
The method we outlined here using frozen cut serial sections allows the detection of both polypeptides and mRNA in a single sample.
Our work indicates that cell-specific accumulation of PPDK and rbcS polypeptide and mRNA is likely due to their cellspecific mRNA accumulation. Use of in situ hybridization is still limited in plant biology (1, 17) , although it has been used widely by animal researchers (8, 10) . We believe that this method is a powerful tool for studying plant gene expression at the cell level.
